Dietary nucleotides have been reportedly beneficial, especially for infants, since they positively influence lipid metabolism, immunity, and tissue growth, development and repair. Rapidly proliferating tissues, such as the immune system or the intestine are not able to fulfil the needs of cell nucleotides exclusively by de novo synthesis and they preferentially utilize the salvage pathway recovering nucleosides and nucleobases from blood and diet. In the present review we describe the modulatory effect of dietary nucleotides on the immune system together with some of their effects on gut-associated lymphoid tissue. Dietary nucleotides influence lymphocyte maturation, activation and proliferation. Likewise, they affect the lymphocyte subset populations in both the small intestine and blood. Moreover, they are involved in enhancing macrophage phagocytosis and delayed hypersensitivity as well as allograft and tumour responses. In addition, they contribute to the immunoglobulin response in early life, having a positive effect on infection. In fact the incidence and duration of acute diarrhoea is lower in infants fed supplemented-nucleotide formulas. The molecular mechanisms by which dietary nucleotides modulate the immune system are practically unknown. Dietary nucleotides have been shown to enhance the production and the genetic expression of IL-6 and IL-8 by foetal small intestinal explants. Dietary nucleotides may influence protein biosynthesis as well as signal membrane transduction mediated by the interaction of exogenous nucleosides and their receptors may also contribute to modulate the expression of a number of genes, some of which can directly affect the levels of intestinal cytokines.
Introduction
Nucleotides are low molecular weight intracellular compounds, which play key roles in nearly all biochemical processes. Nucleotides are naturally present in all foods of animal and vegetable origin as free nucleotides and nucleic acids. Concentrations of RNA and DNA in foods depend mainly on their cell density. Thus, meat, fish and seeds have a high content of nucleic acids and milk, eggs and fruit have relatively lower levels. The total content of RNA oscillates between 50 and 400 mg=100 g for animal viscera, 80 and 350 mg=100 g for marine foods and 140 -490 mg=100 g for dry leguminosae. Soluble nucleotides are present in milk from various mammals, contributing up to 20% of the non-protein nitrogen and nucleotide patterns are species specific (Gil & Uauy, 1995) . Although nucleotide deficiency has not been related to any particular disease, dietary nucleotides have been reported to be beneficial for infants since they positively influence lipid metabolism, immunity, and tissue growth, development and repair (Carver & Walker, 1995; Sänchez-Pozo et al, 1999; Gil, 2001) .
Rapidly proliferating tissues, such as the immune system or the intestine are not able to fulfil the needs of cell nucleotides exclusively by de novo synthesis and they preferentially utilize the salvage pathway, recovering nucleosides and nucleobases from blood and diet. An exogenous supplement of these compounds through the diet may be essential to sustaining growth and to maintain the cellular function in these tissues (Uauy et al, 1996; Gil, 2001) .
The modulator effects of nucleotides on the intestinal and immune tissues have been traditionally considered as separate issues. However, nowadays it is well known that both are closely related, not only because a significant proportion of intestinal cells are of immune origin but also because intestinal epithelial cells can produce immunomodulatory molecules, such as cytokines, which regulate the immune response (Walker, 1996) . Following these considerations, in the present review we describe the modulator effect of dietary nucleotides on the immune system together with some of their effects on gut-associated lymphoid tissue. Finally, we discuss the potential molecular mechanisms by which dietary nucleotides influence the immune response.
Nucleotide effects on lymphocyte maturation, activation and proliferation
The terminal deoxynucleotidyl transferase (TdT) enzyme has been referred to as an index of the immaturity of lymphocytes. Mice fed on a nucleotide-free diet have shown a higher percentage of TdT-positive cells proceeding from the thymus and the spleen than those fed on a diet supplemented with RNA, adenine or uracil, suggesting that dietary nucleotides could stimulate the maturation of lymphoid cells. The suggested mechanism proposes that dietary nucleotides exert a predominant effect upon the initial phase of antigen processing and lymphocyte proliferation suppressing the uncommitted T lymphocyte responses, as demonstrated by higher levels of TdT for undifferentiated lymphocytes in primary lymphoid organs in mice fed a nucleotide-free diet (Kulkarni et al, 1989) . On the other hand, a regulatory role of dietary nucleotides in immunohematopoiesis has also been proposed (Rueda & Gil, 2000) .
Dietary nucleotides have been reported to enhance the maturation of enterocytes both at weaning and during adult life in rats (Uauy et al, 1996) . Since enterocytes are not only absorptive cells but they are also involved in processes related to the immune response, namely in cytokine production and antigen presentation, it might be assumed that dietary nucleotides may contribute to the maturation of the gut-associated lymphoid system.
There is numerous evidence demonstrating that exogenous nucleotides increase the proliferative response to T cell dependent mitogens (PHA, ConA, PWM) whereas no effects are seen when B cell dependent mitogens are used; this has been reviewed extensively in previous works (Kulkarni et al, 1989; Jyonouchi et al, 1994; Carver & Walker 1995; Gil et al, 1997 , Rueda & Gil, 2000 Gil, 2001) .
In animal models stimulated with allogenic spleen cells, dietary nucleotides enhance the lymphoproliferative response, particularly during the recovery of protein-energy malnutrition and it has also been reported that in nucleotide-starved rats the parenteral administration of a mixture of nucleotides and nucleosides (OG-VI) determined an increase in the lymphoproliferative response to ConA in spleen cells. It has also been demonstrated that Balb=c and DBA=2 mice present an increase in the popliteal lymph node blastogenic response to antigens, allogens and mitogens when they are fed with a diet supplemented with a mixture of nucleosides and nucleotides (Kulkarni et al, 1989; Gil et al, 1997 , Rueda & Gil, 2000 Gil, 2001 ).
Dietary nucleotides and lymphocyte subpopulations
It has been reported that there are no major differences in the T and B lymphocyte subpopulations between mice fed on diets enriched in RNA, uracile or adenine, compared with to those fed a diet without nucleotides. The effects of dietary nucleotides on lymphocyte subset populations in preterm infants have been reported recently: CD4 þ cells from children fed the nucleotide formula showed a significantly higher percentage than those fed the standard formula at 10 days of life (Navarro et al, 1999) .
Modulation of the macrophage phagocytic activity by dietary nucleotides
A number of reports have related dietary nucleotides and macrophage activity. In mice inoculated with S. aureus, the phagocytosis of microorganisms was lower in those that were fed on a nucleotide-free diet than in those fed on a diet supplemented with RNA or adenine. Dietary nucleotides enhance the interaction of macrophages and T cells, explaining the higher susceptibility of mice fed a nucleotide-free diet to Candida infection (Kulkarni et al, 1989) .
Nucleotide modulation of the delayed hypersensitivity and allograft and tumour responses
The first studies worked out to determine the effects of dietary nucleotides showed that mice fed a nucleotide-free diet and previously challenged with an intravenous stimulus of sheep red blood cells (SRBC) exhibited an enhanced delayed cutaneous response when these cells were injected in the mice legs. An increase in the delayed hypersensitivity response to SRBC and to DNFB in BALB=c and DBA=2 mice fed a diet supplemented with a mixture of nucleotides and nucleosides has also been reported (Kulkarni et al, 1989; Carver & Walker, 1995; Rueda & Gil, 2000) .
One of the most studied models to ascertain the influence of dietary nucleotides on immunity is the evaluation of the response of the host against allografts. The duration of heart allografts implanted on mouse ear was shown to increase when the diet was devoid of nucleotides; the addition of yeast RNA to the diet resulted in a reduced period of allograft survival. Likewise, the use of cyclosporine as an immunosuppressor agent in mice had a synergic effect when combined with a nucleotide-free diet, leading to a higher period of allograft survival (Kulkarni et al, 1989) . However, no differences were seen when mice were inoculated with a fibrosarcoma or the LSTRA syngenic lymphoma, which is highly agressive (Navarro et al, 1996) . Natural killer (NK) cells are one of the main populations involved in the immune response against transformed cells. The activity of NK cells is increased in the mice fed a diet supplemented with nucleotides respect to those fed a diet without nucleotides. Likewise, Carver has shown in human newborns, that NK cell activity at the second month of life is increased in infants fed formula supplemented with nucleotides (Carver & Walker, 1995) .
Modulation of immunoglobulin production by nucleotides
Experiments carried out in mice fed a nucleotide-free diet for 3 weeks have shown a profound decrease of specific antibody responses to T cell-dependent antigens and a retained response to T cell-independent antigens and lypopolysaccharide (Jyonouchi et al, 1994) . Likewise, a mononucleotide -nucleoside mixture used in experimental total parenteral nutrition, restored the humoral immune responses to T cell-dependent antigens in mice fed a nucleotide-free diet. However, this solution did not show any effect on the in vitro specific antibody production in response to T cell-dependent antigens. More recently, our work group has reported in BALB=c mice that the addition of nucleotide mixtures to a nucleotide-free diet resulted in an increase in the response of haemolytic IgG-forming cells induced by previous immunization with sheep erythrocytes; when the diet was supplemented with single nucleotides, AMP, GMP or UMP increased the IgG response whereas CMP and IMP had no effect. GMP was the only nucleotide that increased the haemolytic IgM-forming cell response (Navarro et al, 1996) .
In recent years, our group has done a series of studies to determine the influence of dietary nucleotide supplementation to infant formulas on the levels of circulating antibodies in preterm infants. Total serum IgM and IgA levels increased significantly for the first 3 months of life, whereas no differences were detected for serum IgG; levels of IgE were undetectable Navarro et al, 1999) . Another study with preterm infants showed higher concentration of specific IgG against a-casein and b-lactoglobulin for the first month of life in newborns fed a low-birth-weight infant nucleotide-supplemented formula . In a third study, the influence of dietary nucleotide supplementation on the recovery of infected and malnourished children has been evaluated (Rueda & Gil, 2000) . Refeeding after malnutrition did not produce any significant changes either in serum total and specific immunoglobulins against a-casein and b-lactoglobulin or in saliva IgA levels (Martínez-Augustín et al, 1997). Finally, a recent study has also shown that dietary nucleotides may modulate the immune response in normal infants, enhancing the production of specific IgG against low response antigens, namely H. influenzae type b, a bacterium responsible for meningitis episodes in early infancy (Pickering et al, 1998) .
Dietary nucleotides and defence against infection
Animals injected intravenously with C. albicans or Staphylococcus aureus and fed a nucleotide-free diet had a significantly lower survival rate than mice fed RNA, adenine or uracil supplemented diets. On the other hand, intraperitoneal administration of a nucleoside -nucleotide mixture for 14 days was associated with reduced translocation of Gramnegative enterics to the mesenteric lymph nodes and spleen in comparison to control animals. The extent of the damaged mucosa was greater in controls and these animals were more susceptible to the lethal effects of the endotoxin lipopolysaccharide from E. coli, which suggests that dietary nucleotides may block the bacterial translocation by preventing endotoxin-induced mucosal damage (Kulkarni et al, 1989; Carver & Walker, 1995 , Gil, 2001 .
One of the potential mechanisms by which nucleotides reduce the incidence of infection is the modulation of the intestinal microflora. Our group reported for the first time that nucleotide supplementation to an infant formula reduced the counts of enterobacteria and increased the counts of bifidobacteria in the fecal microflora (Gil & Uauy, 1995; Uauy et al, 1996) . These results suggested that nucleotides could act as prebiotics favouring the proliferation of the beneficial flora and inhibiting that of potential pathogens. These results support clinical findings showing a low incidence of acute diarrhoea in infants fed nucleotide supplemented formula in developing (Brunser et al, 1994) and developed countries (Pickering et al, 1998) .
Potential mechanism of action of dietary nucleotides
It has been proposed that dietary nucleotides exert effects upon cellular immune functions by acting on the T-helper=inducer population with the predominant effect on the initial phase of antigen processing and lymphocyte proliferation. The suggested mechanism would be the suppression of uncommitted T-lymphocyte responses as demonstrated by higher activities of deoxynucleotidyl transferase, a marker of undifferentiated lymphocytes, in primary lymphoid organs of mice fed a nucleotide-free diet (Kulkarni et al, 1989) .
Another hypothesis is that exogenous nucleotides may modulate T-helper (Th) cell-mediated antibody production (Jyonouchi et al, 1994) . It has been suggested that dietary nucleotides may favour the balance of T cell differentiation to Th-2 cells, which are mainly involved in the B-cell response and in the suppression of pro-inflammatory reactions induced by Th-1 cells.
The molecular mechanisms by which dietary nucleotides modulate the immune system are practically unknown. It has been suggested that the small intestine should play a key role in the regulatory effects of nucleotides upon the immune response. The gut-associated lymphoid tissue can initiate and regulate T cell development and may act as a thymus analogue (Walker, 1996) . Dietary nucleotides have been shown to enhance the production and the genetic expression of IL-6 and IL-8 by foetal small intestinal explants when challenged with IL-1 beta, the response being nucleotide concentration dependent. Furthermore, the addition of AMP to the culture media resulted in the suppression of crypt cell proliferation followed by the restoration of differentiation and the induction of apoptosis across the human small intestinal epithelium (Sánchez-Pozo et al, 1999) . Dietary nucleotides may influence the protein biosynthesis by regulating the intracellular nucleotide pool. In addition, signal membrane transduction mediated by the interaction of exogenous nucleosides and their receptors may also contribute to modulate the expression of a number of genes, some of which can directly affect the levels of intestinal cytokines (Figure 1) . Figure 1 Potential mechanism of action of dietary nucleotides on immunity.
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